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ABSTRACT
The largest galaxies aquire their mass early on, when the Universe is still youthful.
Cold streams violently feed these young galaxies a vast amount of fresh gas, resulting
in very eient star formation. Using a well resolved hydrodynamial simulation of
galaxy formation, we demonstrate that these mammoth galaxies are already in plae
a ouple of billion years after the Big Bang. Contrary to loal starforming galaxies,
where dust re-emits a large part of the stellar ultraviolet (UV) light at infrared and
sub-millimetre wavelengths, our self-onsistent modelling of dust extintion predits
that a substantial fration of UV photons should esape from primordial galaxies.
Suh a model allows us to ompute reliably the number of high redshift objets as a
funtion of luminosity, and yields galaxies whose UV luminosities losely math those
measured in the deepest observational surveys available. This agreement is remark-
ably good onsidering our admittedly still simple modelling of the interstellar medium
(ISM) physis. The luminosity funtions (LF) of virtual UV luminous galaxies oinide
with the existing data over the whole redshift range from 4 to 7, provided osmolog-
ial parameters are set to their urrently favoured values. Despite their onsiderable
emission at short wavelengths, we antiipate that the ounterparts of the brightest
UV galaxies will be deteted by future sub-millimetre failities like ALMA.
1 INTRODUCTION
Over the past deade, the old dark matter model, omple-
mented with dark energy (ΛCDM), has established itself as
the theoretial framework of hoie to desribe the formation
of strutures in the Universe. Whilst dark matter dominates
the dynamis of struture formation on large sales, a host
of observational evidene indiates that the situation is re-
versed on galati sales (Kassin, de Jong, Weiner 2006). In
partiular, the inner struture of galati dark matter ha-
los must be aeted by baryoni proesses (Merritt 2006).
Whereas it is ertainly true that ritial aspets of the
baryoni physis of galaxy formation are still poorly un-
derstood and beyond the reah of diret numerial sim-
ulations (Springel et al., 2005), the overwhelming major-
ity of observational onstraints unfortunately omes from
the eletromagneti emission of these baryons. Therefore,
signiant progress in our understanding of the theory of
galaxy formation and evolution depends on our ability to
perform hydrodynamial osmologial simulations. At rst,
these will neessarily be omplemented by appropriate sub-
grid modelling, presumably based on knowledge gained from
hydrodynamial simulations performed on smaller sales
(Slyz et al. 2005). Indeed, we are seeking to desribe highly
nonlinear mehanisms that are oupled together, suh as ra-
diative gas ooling, star formation and feedbak. Suh om-
plexity makes it, for instane, very unlikely that even when
armed with a satisfying model for supernovae explosions,
one an desribe analytially their interplay with a lumpy,
multiphase ISM and/or intergalati medium (IGM).
Perhaps the most signiant aw of all galaxy formation
models whih rely on the results of pure dark matter simula-
tions is their neglet of the lamentary old gas ows whih
feed galaxies (Dekel, Birnboim 2006; Dekel et al. 2009). Gas
areted in this mode substantially dominates the aretion
budget. Indeed, old ows are the unique mode of gas are-
tion for galaxies hosted by all dark matter halos with mass
less than 5 10
11
M⊙ (i.e. the vast majority of galaxy size
halos). They are reported in every high resolution osmolog-
ial hydrodynamis simulation of galaxy formation whih
inludes ooling (Keres et al. 2005; Ovirk et al. 2008), re-
gardless of the tehnique employed to solve the Euler equa-
tions. Suh an oversight is predited to have drasti onse-
quenes on the ability of these models to math star forma-
tion rates and supernova driven gas outows. Arguably, the
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Figure 1. A global omposite multisale view of the Mare Nos-
trum simulation desribed in the text. The blue olour traes the
gas temperature, green represents the gas density and red shows
the dark matter density. The box size is 50h
−1
o-Mp on a side
for the top panel and 10h
−1
omoving Mp for the bottom one.
Galaxies appear as pinkish yellow smallsale disk-like strutures.
most straightforward observational traer of the old ow
senario is the UV ux emitted by galaxies, as it mainly
originates from newly born stars. However, the matter is
rapidly ompliated by the presene of dust, whih is gen-
erated on supernovae timesales (≈ 50 million years) and
is very eient at absorbing UV radiation. The spatial dis-
tribution of dust grains relative to stars is therefore a ru-
ial ingredient in any estimate of the UV luminosity fun-
tion and it is notoriously diult to predit (semi-) analyti-
ally (Devriendt et al. 1999; Fontanot et al. 2009). Aord-
ingly, we address this key issue numerially.
2 SETUP AND EXTINCTION MODEL
The evolution of a ubi osmologial volume of 50h
−1
Mp
on a side (omoving), ontaining 1024
3
dark matter par-
tiles and an Eulerian root grid of 1024
3
gas ells is fol-
lowed. A ΛCDM onordane universe (Ωm = 0.3,ΩL =
0.7, h = H0/[100 kms
−1Mpc-1] = 0.7, σ8 = 0.9, n = 1, i.e.
the WMAP 1 year best t osmology (Spergel et al., 2003),
is adopted, resulting in a dark matter partile mass mp =
1.41 × 107M⊙ and we use an adaptive mesh renement
(AMR) tehnique (Teyssier 2002) to keep our spatial res-
olution xed at around 1 h
−1
kp in physial oordinates.
The matter density elds are evolved from z = 120
to z = 4, and we output about 34 snapshots regularly
spaed in the expansion fator. In eah snapshot, we iden-
tify dark matter halos as well as the subhalos they on-
tain using the AdaptaHOP algorithm (Aubert et al. 2004),
and only keep groups with more than 100 partiles. We
measure the basi physial properties of these groups and
subgroups, suh as their masses Mhop and radii Rhop. Key
physial proesses for galaxy formation suh as radiative
ooling, UV bakground radiation, star formation and su-
pernovae feedbak are also implemented self-onsistently
in ramses (Rasera, Teyssier 2006; Dubois, Teyssier 2008).
Gas ools down to a minimum of 10
4
K at a rate whih de-
pends on the loal metalliity in eah grid ell, and turns into
stars on a onstant timesale of t⋆ = 2Gyr. Stars then evolve,
releasing an amount of metals and energy into the ISM spe-
ied by a Salpeter initial mass funtion and the physis of a
Sedov explosion (Dubois, Teyssier 2008). In some ases, the
ombined supernovae blow part of the ISM bak into the
halo's hot phase and further into the IGM. For eah time
snapshot of the simulation we assoiate the stars loated
within eah dark matter substruture deteted by Adap-
taHOP to a dierent galaxy. Note that, proeeding this
way, we aount for all the stars reated in the simulation.
By keeping trak of the stellar ontent of eah galaxy, as
a funtion of age and metalliity, and knowing the galax-
ies' gas ontent and hemial omposition, we then ompute
the (possibly extint) spetral energy distribution of eah
galaxy, along the lines desribed in the stardust model
(Devriendt et al. 1999).
More speially, we alulate the spetrophotomet-
ri properties of galaxies inluding internal extintion of
starlight by dust. We model dust absorption within eah
galaxy using the empirial alibration of Guiderdoni &
Roa-Volmerange (1987), in whih the optial depth sales
with metalliity and in proportion to the olumn density of
hydrogen along the line of sight. The optial depth, τ , is
therefore given by:
τ (λ) =
„
Aλ
AV
«
Z
⊙
„
Zg
Z⊙
«s „
NH
2.1× 1021 cm−2
«
, (1)
where λ is the wavelength, and (Aλ/AV)Z
⊙
is the extin-
tion urve for solar metalliity, whih we take to be that
of the Milky Way (Cardelli et al. 1989). We adopt a saling
with metalliity of s=1.6 for λ > 2000Å and s=1.35 for λ 6
2000Å (Guiderdoni, Roa-Volmerange 1987). We alulate
the extintion for subsamples of galaxies in logarithmi bins
of stellar mass (100 objets per bin), based on the atual
distribution of gas and metals in eah galaxy and averaging
over lines of sight. The resulting distributions are then used
© 0000 RAS, MNRAS 000, 000000
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to draw random extintions for galaxies with similar stellar
masses. The total number of galaxies varies between 43000
and 86000 between z=7 and z=4.
3 THE UV LF OF HIGH-Z GALAXIES
Observationally, the largest samples of UV emitting galaxies
at z > 3 are seleted aording to a olour-olour riterion
that maps the Lyman break feature in their spetral energy
distributions (hene their name Lyman-Break Galaxies or
LBG (Steidel et al., 1999)). This now well-established teh-
nique allows the detetion of large numbers of galaxies per
eld of view using relatively little observing time, and does
not strongly bias the seletion proess (Bouwens et al. 2006;
Bunker et al 2006; Ilbert et al. 2005). Suh data sets pro-
vide us with the best sample of high-z galaxies against whih
to perform a meaningful statistial omparison. The most
robust and simple statistis to onsider for suh a ompar-
ison is the LF of galaxies. This is the main fous of this
letter.
Like the observations, whih are limited by the resolving
power of the telesope/instrument ombination with whih
they are obtained, the LFs measured in numerial simula-
tions suer from nite box size and resolution eets, so
their domain of validity is restrited to a ertain range of
magnitudes. In the simulation presented here (Fig 1), dark
matter halos smaller than ≈ 109M⊙ in mass are barely re-
solved in terms of the hydrodynamis of their gas ontent,
so galaxies hosted by smaller halos are absent, whih in-
trodues a non-physial uto at the faint end of the LF
(Fig. 3). As spetral energy distributions of galaxies are om-
puted as the weighted sum of single stellar populations, we
avoid being dominated by Poisson noise by restriting our
results to galaxies ontaining at least 10 star partiles. At the
bright end, objets beome rarer and rarer, until we reah
the point where we run out of bright galaxies. This eet is
somewhat amplied by our nite simulated volume, whih
is small ompared to the size of the urrent observable Uni-
verse: at some point, the statistial error on the LF beomes
of the order of the measurement itself. Vertial and horizon-
tal dashed lines on Fig. 3 mark these numerial limitations
respetively, learly delineating the region where our LFs an
be trusted. Note that, although approximate, these are on-
servative boundaries. A truly aurate determination would
require running several simulations enompassing larger vol-
umes and featuring a higher mass resolution. Finally, despite
our resolution, still short of being able to provide a fully
self-onsistent model for re-ionization by about an order of
magnitude in mass (Greif et al. 2008; Whalen et al. 2004),
the UV bakground radiation has little eet on the galax-
ies disussed here (Gnedin 2000) sine the minimal irular
veloity of their host dark matter halo is larger than 25 km/s
(Okamoto et al. 2008).
Setting aside the star formation rate and stellar initial
mass funtion, the key issue to derive orret UV LFs lies in
our ability to estimate dust extintion aurately, sine dust
grains very easily absorb light in this wavelength range. Be-
ause a full modelling of the formation and evolution of the
dust grain population is beyond the reah of urrent simu-
lations, we have tried a ouple of phenomenologial models
to assess the impat of extintion on our results. First, as
a sanity hek, we use the most widespread method in the
literature, whih assumes a universal shape for the extin-
tion urve (Calzetti et al. 1994), and then ts its normal-
ization, E(B−V), to obtain the best possible math to the
observational luminosity funtion (Night et al 2006). This
means that a unique average extintion is assigned to ev-
ery galaxy for whih we ompute a UV magnitude. We be-
lieve this is, at best, a very awkward state of aairs, sine it
is empirially known that, at least in the loal Universe, the
value of the extintion is orrelated to the UV magnitude,
suh that brighter galaxies have larger values of E(B − V)
(Hekman et al. 2005). However, as pointed out by Night et
al. (2006), invoking luminosity dependent extintion an be
seen as a heat, as it is equivalent to hiding the disrep-
any between simulated and observed LFs in the extintion
law. As a more ambitious alternative, we therefore measure
the distribution of gas and metals on the line of sight to-
wards eah of the star partiles in our simulated galaxies,
whih allows us to alulate the optial depth as a funtion
of wavelength for eah of these lines of sight (see Fig. 2).
The main aveat of this seond approah, is the assump-
tion that dust properties only depend on these two quanti-
ties (at least for absorption of UV light), but it was shown
(Guiderdoni, Roa-Volmerange 1987) that this seems to be
a fair desription for extintion in loal galaxies. Arguably
the most important feature of suh a dust model is that it
provides a self-onsistent method to ompute the extintion
law diretly from the simulation itself.
The two dust models produe LFs that math the
observed one quite well within the whole range of mag-
nitudes it overs, as observational error bars plotted
on g. 3 only roughly estimate osmi variane errors
(Bouwens et al. 2008). We disuss our results in terms of
the most ommonly used analytial parameterisation of
the galaxy LF, i.e. the Shehter funtion, examples of
whih are plotted on g. 3. This desription relies on three
parameters, Φ⋆, M⋆ and α, i.e. the normalisation, har-
ateristi magnitude and faint-end slope of the LF, re-
spetively. The preferred Shehter t for our LF at z=4
(i.e. the green urve on the bottom right panel of g. 3)
yields a faint end slope of 1.6 and a harateristi mag-
nitude of 20.9, ompared to 1.73+/0.05, 20.98+/0.1 for
the data respetively (Bouwens et al. 2007). Our normali-
sation of 0.003 Mp
3
appears a bit high with respet to
that measured in the data (0.0013+/0.0002 Mp
3
). How-
ever, this is the parameter of the Shehter funtion whih
is the most sensitive to a hange in osmologial model.
In other words, the error we make when we resale our
LFs from the Wilkinson Mirowave Anisotropies Probe
(WMAP) 1 year (Spergel et al., 2003) to the WMAP 5
year parameters (green urves on g. 3, Ωm = 0.26,ΩΛ =
0.74, h = H0/[100kms
−1Mpc−1] = 0.72, σ8 = 0.8, n = 0.96)
(Dunkley et al., 2009) mostly aets Φ⋆, so that the fator
of about two dierene is not statistially disrepant. To be
more preise, in order to reast the results of our simula-
tion for a dierent set of osmologial parameters, we have
used the Press & Shehter (1974) formalism to alulate
the dark matter halo mass funtion at a given z in both os-
mologies. Assuming an oupation number of one galaxy per
dark matter halo, we then divide our luminosity funtions
by the ratio of the dark matter halo mass funtions. Given
the mass resolution of our simulation, we expet this orre-
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Figure 2. A typial eld of view of 1 omoving Mp on a side in
the Mare Nostrum simulation shown in omposite rest frame true
olours (R, B, and V lters). Colours of the stellar population
are shown in the left panel without dust extintion, and with
extintion in the right panel. Note the presene of dust lanes in
the two largest galaxies, testimony of the highly non-homogeneous
distribution of dust and stars in the ISM.
tion to be quite aurate at higher redshift (above z=6) and
to slowly degrade as more massive haloes begin to form and
start hosting a larger number of galaxies on average. This
explains, at least partially, the larger disrepany (at the
∼ 2 sigma level one osmi variane is taken into aount)
between model and observed LFs at intermediate and low lu-
minosities for z < 6. Note that these onsiderations do not
apply to the brightest objets, whih are muh more sare
and have a muh higher probability of being unique in their
host dark matter halo. As a result, the orretion remains
valid for these objets even for z<6, as an be seen on g.
3.
In a nutshell, we nd that our simulated LFs at z∼4 are
in respetable agreement with the available UV data and
robustly predit a faint-end slope with a value α≈ − 1.6
ompatible with the ndings of Steidel and ollaborators
(Steidel et al., 1999; Reddy et al. 2008) (α ≈ −1.6) but not
with the slope found in the Subaru data (Ouhi et al. 2004)
(α≈−2.2). Our LFs also show quite an important amount of
evolution, as measured by M⋆, whih varies from 19.8 at z=7
to 20.9 at z=4. This strong evolution is a diret onsequene
of the rapid derease of the osmi star formation rate den-
sity from z = 4 to 7 in our simulation and is, to a large extent,
unaeted by resolution eets (Rasera, Teyssier 2006). At
z>6, reent analyses of the Hubble Spae Telesope Ultra
Deep Field and the Great Observatories Origins Deep Sur-
vey data (Bouwens et al. 2007; Bouwens et al. 2008) suggest
a slightly steeper faintend slope of α ≈ −1.74, again in good
agreement with our simulation as we nd that the faint-end
slope of our LF does steepen slowly with redshift. This is of
key importane sine ionising photons from low luminosity
galaxies ould possibly sue to arry out the reionisation
of the Universe, provided these latter are numerous enough.
Reversing the argument and marhing down in redshift, this
raises the question of what mehanism is responsible for suh
a attening of the faint end slope of the UV LF, whih ex-
tends down to the loal Universe, sine a shallow slope (α
≈ 1.22) is observed loally for z < 0.1 in the GALEX far-
UV data (Wyder et al., 2005). Supernova feedbak ould
potentially drive powerful galati outows and quenh star
formation, but SPH simulations that expliitly inlude winds
eient enough to drive gas out of low mass halos, system-
atially measure a steeper faint end slope than we do (α ≈
−2.0) (Night et al 2006). Finally, at the bright end of the
LF, our two dust extintion models yield dierent results.
The self-onsistent extintion model has a more pronouned
ut-o, whih better mathes the shape of a Shehter fun-
tion. This feature stems from an intrinsially stronger dust
attenuation that ours in the most UV bright galaxies. We
therefore predit that these very same UV beaons also are
the most luminous IR soures in the sky. The forthom-
ing generation of sub-millimetre failities, and in partiular
ALMA, will either validate or disprove this predition.
4 CONCLUSIONS AND DISCUSSION
We have derived UV LFs of simulated high-z galaxies us-
ing the largest hydrodynamial osmologial simulation per-
formed so far. Inluding a self-onsistent post-treatment of
the extintion in our galaxies based on the abundane of gas
and metals measured in the simulation, we have ompared
these syntheti LFs to the observed ones. We have studied
how sensitive these LFs are to both osmologial parame-
ters and dust absorption, using the most ommonly used
extintion model in the ommunity (Calzetti et al. 1994) as
a referene. Our self-onsistent treatment of dust absorp-
tion enables us to math the observed UV LFs. This math
quantitatively ompares to the t obtained with the sim-
ple model where all the galaxies are dimmed in the same
way, provided that we set the osmologial parameters (in
partiular the normalization of the power spetrum and
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Figure 3. Redshift evolution of the UV (1400 Å) rest frame galaxy luminosity funtion measured in the Mare Nostrum simulation.
Vertial dashed lines indiate mass resolution, horizontal dashed lines volume resolution. Purple diamonds indiate nonextinguished
WMAP-1 osmology LFs, blue stars LFs extinguished with a dust ontent saled using the measured abundane of metals and gas in the
simulation. Red diamond LFs stand for galaxies uniformly extinguished with a (Calzetti et al. 1994) law in a WMAP-1 universe, and
green stars for LFs extinguished as the blue star ones but resaled to the urrently favoured WMAP-5 osmology. Blak triangles and
solid lines mark data gathered by Bouwens and ollaborators (Bouwens et al. 2008; Bouwens et al. 2007)
its rolling index) to their best t WMAP 5 years values
(Dunkley et al., 2009). However, ontrarily to the Calzetti
extintion model, suh an agreement is ahieved without the
introdution of an extra free parameter, i.e. the average ex-
tintion of the galaxy population as a funtion of redshift an
be retrieved from the simulation itself. Moreover, this self-
onsistent model reeives support from (i) the extrapolation
of low z observations whih show that extintion depends on
UV luminosity (Hekman et al. 2005) (ii) the mounting evi-
dene for an extremely low metalliity in faint z∼7 galaxies
(Bouwens et al. 2009), whih both favour a non-uniform de-
gree of extintion throughout the magnitude range spanned
by the LF.
Although urrent observational surveys still probe small
volumes of the high redshift universe, and are therefore
prone to suer from osmi variane at the bright end of
the LF, they seem to go deep enough to yield reliable esti-
mates of its faint end slope in the UV, up to z∼7. At xed
osmologial parameters, the key to mathing UV luminosi-
ties with any model of galaxy formation is the amount of
dust extintion present in galaxies. However, the absorbed
UV light is reproessed by dust, and astronomers should
be able to detet the far infrared ounterparts of low lu-
minosity primordial galaxies, provided extintion strongly
aets galaxies aross their entire luminosity range. Future
wider surveys together with the advent of infrared and deep
millimetre observations from the JWST and ALMA respe-
tively should therefore give us a robust handle on where
energy from star formation is really oming out at these red-
shifts. These measurements will, in turn, onrm or inval-
idate our improved treatment of dust attenuation. Indeed,
we predit that this attenuation should strongly orrelate
with UV luminosity, with low luminosity galaxies almost
dust free at z∼7, and massive galaxies extinguished by 1.5
to 2 magnitudes. Hene, only the tip of the ieberg of pri-
mordial galaxy formation should be visible at rest-frame in-
frared wavelengths if our model is orret: the bulk of the
galaxy population will mostly be UV bright with a few iso-
lated monsters shining aross the entire wavelength range.
© 0000 RAS, MNRAS 000, 000000
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